OBJECTIVE: Forty percent of standard cerebrospinal fluid shunts implanted for the treatment of pediatric hydrocephalus fail within the first year. Two new shunt valves designed to limit excess flow, particularly in upright positions, were studied to compare treatment failure rates with those for standard differential-pressure valves.
http://ovidsp.uk.ovid.com/sp-3.13.1a/ovidweb.cgi flow, so that the gravitational effects of upright postures lead to high flow rates and large negative intracranial pressures, termed "siphoning" (2, 9) . The Delta valve(Medtronic PS Medical) reduces this tendency by adding a siphoncontrol device distal to a standard diaphragm valve. The siphon-control device consists of paired flexible diaphragms, which narrow an orifice as the shunt pressure becomes negative, thus reducing the flow (10) . The Delta valve is available in three opening pressure designations, i.e., Levels 1, 1.5, and 2 (7, 10.5, and 12 cm H 2 O, respectively).
The Orbis-Sigma valve (Cordis) limits flow by progressively narrowing the flow orifice with increasing pressure, as a pressure-sensitive ring moves along a variable-diameter rod. It has a single opening pressure of approximately 5 cm H 2 O (18). A randomized trial of these three valve designs was conducted to evaluate their respective failure rates.
PATIENTS AND METHODS
The details of the trial design have been previously reported (4, 5) . The key features are summarized below.
Eligibility
The study was approved by the local institutional review board or its equivalent at each center. Before entering the study, each participating center was required to have placed at least five shunts of each valve design. To be eligible for the trial, patients were required to give informed consent(patients or their parents or designated guardians); be between birth and 18 years of age; have newly diagnosed hydrocephalus with documented cerebral ventriculomegaly in computed tomographic, magnetic resonance imaging, or ultrasonographic imaging scans; and require a first ventriculoperitoneal CSF shunt insertion.
Patients were excluded if they had one of the following: 1) a previous indwelling CSF shunt (patients with subcutaneous reservoirs for aspiration or ventricular catheters draining externally or to the subcutaneous scalp were eligible), 2) active abdominal or CSF infection, 3) diffuse spread of tumor in the subarachnoid space, 4) marked prematurity with thin skin at risk for erosion from shunt hardware, 5) systemic disorders precluding CSF shunt insertion, 6) septated loculations within the ventricular system requiring more than one shunt, 7) a Dandy-Walker malformation, 8) an arachnoid cyst as a cause of hydrocephalus, or 9) an inability to be monitored for 1 year.
Baseline data were collected for all eligible nonrandomized patients.
Randomization
Patients were randomized to one of the three valve designs (standard valve, Delta valve, or Orbis-Sigma valve), after induction of anesthesia, by the drawing of consecutive opaque envelopes located in each operating room. A standard valve was deemed to be any differential-pressure valve without any other flow-modifying device. For the standard and Delta valve groups, surgeons were allowed to choose whichever opening pressure they wished (the Orbis-Sigma valve had only one opening pressure level). Patients were stratified by center and by age (less than or more than 6 mo), and the randomization scheme was blocked with randomly varying block size.
Treatment
Patients underwent standardized history-taking, physical and neurological examinations, and laboratory tests, as well as imaging studies demonstrating enlarged ventricles. Ventricular size was measured as a modified Evan's ratio(an average of the maximal lateral width of the frontal and occipital horns divided by the maximal lateral diameter of the cranium) (7) . The details of the surgical techniques and post-operative care were established according to the discretion of the surgeon and were recorded. These details included the prophylactic use of antibiotics, hair removal, the site of hardware insertion, the use of technical aids such as ventriculoscopes, hardware configurations, opening pressure designations for the standard and Delta valves, and postoperative head elevation or compressive dressings. Suggestions from the manufacturers for insertion techniques were solicited at the beginning of the trial and were distributed to all participating centers.
Follow-up monitoring
Study surgeons completed postoperative assessments, as well as follow-up assessments at 3 and 12 months and annually thereafter for up to 3 years. All patients presenting with suspected shunt malfunctions underwent standardized history-taking and physical examinations, as well as appropriate investigational tests, including brain imaging and CSF sampling for infection. If the patients underwent subsequent surgery, standardized operative findings plus the type and site of shunt malfunction were recorded.
Outcome events
The primary outcome event was shunt malfunction. There were four subtypes of shunt malfunctions-shunt obstruction, overdrainage, loculated ventricles, and infection. Detailed criteria were established for each subtype http://ovidsp.uk.ovid.com/sp-3.13.1a/ovidweb.cgi and were published previously (5) . Determination of an endpoint event occurred before the patient was returned to the operating room, although the surgical findings were used as confirmatory evidence. The methodology center was notified when a probable endpoint occurred. Patient eligibility and endpoints were blindly adjudicated, and any discrepancies were referred to an external blinded adjudication committee not otherwise involved in the trial.
Secondary outcome events included death, surgical complications, type of shunt malfunction, site of shunt obstruction, and hospital stay.
Statistical analysis
Sample size calculations were based on a reduction in the 1-year failure rate from 40 to 20%, with independent comparisons of the three valves with Type I ([alpha]) error set to 0.017 (0.05/3) and Type II ([beta]) error set to 0.2. This resulted in an estimated sample size of 115 patients/group, using two-tailed tests. Time to shunt failure was compared among the three groups by log-rank tests. Baseline variables and secondary outcomes were compared using descriptive statistics, including 95% confidence levels. Deaths and surgical complications were assessed blindly at the midpoint of accrual, to ensure safety.
RESULTS

Patients
Between October 1, 1993, and October 31, 1995, 367 patients were randomized. Twenty-three were ruled ineligible (after randomization) by blinded adjudication, leaving a total of 344 eligible randomized patients. Eight patients did not complete the minimum 1-year follow-up period. The baseline characteristics of the 344 patients are shown in Table 1 . Most were neonates or infants at diagnosis, with a slight preponderance of boys. The common causes of hydrocephalus in this age group were represented, with intraventricular hemorrhage and myelomeningocele being the most frequent and approximately 10% being unknown. Clinical presentation reflected symptoms of raised intracranial pressure. Irritability, delayed developmental milestones, nausea and vomiting, lethargy, and headache were common symptoms. Increased head circumference, bulging fontanel, delayed development, loss of upward gaze ("sunsetting"), decreased levels of consciousness, and papilledema were common signs. Almost 20% of the patients had previously received a subcutaneous reservoir or external ventricular drain. Most patients exhibited severe hydrocephalus, as indicated by the ventricular volume index. The fourth ventricle was normal in size in two-thirds of the patients. There were no clinically important differences in baseline characteristics among the groups. The baseline characteristics of the 48 eligible and nonrandomized patients showed a slightly higher proportion of patients with brain tumors and aqueductal stenosis. These patients were suitable for third ventriculostomy and presumably underwent this procedure instead. http://ovidsp.uk.ovid.com/sp-3.13.1a/ovidweb.cgi 
Surgery
Pertinent surgical details are shown in Table 2 . When patients were randomized to a standard valve, most surgeons selected a medium opening pressure; when patients were randomized to a Delta valve, most surgeons selected a Level 1 opening pressure. A two-piece shunt system with a separate ventricular catheter was the most common hardware configuration. Almost all patients received antibiotics (either a cephalosporin or methicillin)
prophylactically before skin incision. Approximately 40% received additional antibiotic doses. Approximately twothirds of patients had their scalp hair shaved, with the rest having the hair clipped or undergoing no hair removal at all. Most surgeons chose an occipital entry site, directing the catheter to either the frontal or occipital horn on the same side. Slightly more than 20% used the assistance of endoscopy, ultrasonography, or plain x-rays to position the ventricular catheter. For 90% of patients, the ventricular catheter was satisfactorily placed on the first attempt.
Almost all surgeons passed the peritoneal catheter down the anterior chest wall. It was placed in the abdomen slightly more often under direct observation than with a trochar. The average operating time was slightly more than 30 minutes. Postoperative complications, other than the endpoint of infection, were extremely few and usually related to local wound problems. The median hospital stay ranged between 5 and 6 days. The only apparent difference in surgical techniques among the valves was that more patients with the Orbis-Sigma valve were treated with head elevation and a compressive scalp dressing, as was recommended by the Orbis-Sigma shunt manufacturer. http://ovidsp.uk.ovid.com/sp-3.13.1a/ovidweb.cgi 
Shunt failure
During the course of the trial, 150 (43.6%) of the patients met the primary endpoint of shunt failure, 108 (31.4%) with shunt obstruction, 12(3.5%) with overdrainage, 2 (0.6%) with loculated compartments, and 28 (8.1%) with infection (Fig. 1A) . Nine patients died, four as a result of progression of neoplastic disease and the others as a result of hyponatremia, sepsis, progressive respiratory disease, gastroenteritis, or sudden infant death (with normal-size ventricles observed in the autopsy). There were no deaths related to shunt failure. The clinical features and test results for patients with shunt failure are shown in Table 3 . The clinical features of mechanical failure were those of elevated intracranial pressure. Signs specifically related to the shunt equipment included CSF tracking along the tubing and failure of the CSF reservoir to refill. Patients with shunt infections were often febrile, with signs of inflammation at the affected site, and yielded positive bacterial cultures. Forty-three percent of the infected shunts were also obstructed. Fever was very unusual with mechanical shunt failure alone. Most patients with mechanical shunt failure showed enlarging ventricles in computed tomographic or ultrasonographic scans. Disruption or migration of the shunt equipment was also frequently observed in plain x-rays. Shunt flow tests were necessary for only a few patients, and one patient underwent intracranial pressure monitoring to permit the diagnosis of shunt failure. FIGURE 1. Kaplan-Meier curves for the shunt failure-free proportion, for all patients (A) and for the three valve designs (B). The three valve designs did not differ significantly (by log-rank test, P = 0.24). There were fewer than five patients in at least one group after 24 months. http://ovidsp.uk.ovid.com/sp-3.13.1a/ovidweb.cgi The overall percentage of patients who were free of shunt failure was 61% at 1 year and 47% at 2 years, with a median shunt failure-free duration of 656 days. There were no differences among the three shunt valve groups, either by log-rank tests for equality of the three curves (log rank = 2.90,P = 0.24) or by individual pairwise comparisons (Fig. 1B) . There seemed to be some center variability in shunt survival, as shown in Figure 2 . However, a Cox regression model adjusted for failure cause, patient age, ventricular size, and center also failed to show any significant differences among the valves. The median time to mechanical failure was 99 days and that to infection was 23 days. http://ovidsp.uk.ovid.com/sp-3.13.1a/ovidweb.cgi The primary endpoint subtypes for each valve are shown in Table 4 , along with the secondary endpoint of site of shunt obstruction. The total shunt obstructions were 38, 39, and 31 in the Delta, standard, and Orbis-Sigma valve groups, respectively; when distributed by site, there were 16, 18, and 2 ventricular catheter obstructions, respectively. There were 9, 3, and 0 failures resulting from shunt overdrainage in the Delta, standard, and OrbisSigma valve groups, respectively. Failure rates and mechanisms seemed similar within specific age subgroups (<=2 yr versus >2 yr). 
DISCUSSION
In major pediatric neurosurgical centers in North America and Europe, shunt failure rates are particularly high in the first 6 months, followed by a persistent but lower failure rate in the next 2 years. The early 6-month failures occur from both shunt infection and mechanical failure. The subsequent failures are predominantly mechanical, because shunt infection is uncommon after the first 6 months. No significant differences in the proportions of patients who were shunt failure-free were observed among the three valve designs. These valves represent the cumulative results of shunt valve research and development in the past 30 years. The newer valves (Delta and Orbis-Sigma valves) were specifically designed to prevent overdrainage in upright postures and to result in more physiological drainage of CSF. It had been hypothesized that the reduced tendency for CSF to siphon into the ventricular catheter in upright positions accounted for the reduced failure rates in uncontrolled series using the Delta and Orbis-Sigma valves (10, 17, 18) . In this study, there were few ventricular catheter obstructions with the Orbis-Sigma valve and no failures resulting from over-drainage. This suggests that valve design can have important effects on the shunt failure mode. Nevertheless, obstructions occurred at other sites along the Orbis-Sigma shunt, including the valve. It seems that the CSF dynamics of shunted hydrocephalus are complex and not optimally treated by current valve designs. Further research is needed to optimize shunt valve design.
It can be argued that the different types of standard valves (e.g., diaphragm valve or ball-in-spring valve), using various opening pressure levels and made by various manufacturers, in this study do not constitute a single valve design group. Similarly, the choice by the surgeon of a particular Delta valve level may have been inappropriate for a patient from a particular age group. Although bench testing has demonstrated mechanical differences among the various standard valves, these observations have not translated into clinically important differences; in uncontrolled series at different centers using a variety of standard valves, the results were very similar (1, 14, 19) . Given that the overall results of this trial failed to show any differences among three very different valve designs, it is unlikely that any change in the standard valve mechanism or opening pressure or the Delta valve level chosen would have any significant effect on the outcome of this study. http://ovidsp.uk.ovid.com/sp-3.13.1a/ovidweb.cgi
The infection rate of 8.1% observed in the present study is higher than that recently reported from one particular center (0.7%)(3) but is certainly within the range reported in other controlled and uncontrolled series (11) . Some of the variability in published infection rates may be the result of varying definitions of shunt infection. The infection rate in this randomized trial was determined by use of a specific definition of infection (5), applied in a prospective consistent manner and subject to blinded adjudication.
A higher proportion of eligible nonrandomized patients (compared with the study participants) exhibited characteristics that indicated suitability for third ventriculostomy. We suspect that patients suitable for third ventriculostomy were not entered into the trial and may be poorly represented in the study sample. Therefore, the results may not apply to these patients. With this exception, the study results should be reasonably applicable to the population of children in North America and Europe who require a CSF shunt for the first time.
The median age of the patients in the study was quite young, and the study does not have the power to assess the different valve designs within specific age groups. However, secondary analysis does not suggest that the results might be different in older children, who are ambulatory and for whom shunt overdrainage or siphoning is at least conceptually more important ( Table 4 ). The causes of hydrocephalus in adults are different, as might be the function of these particular valve designs, so that the results of this trial should not be extrapolated to adult patients.
New shunt valve designs, based on more sophisticated or "physiological" control of CSF drainage, have been introduced as a solution to the generally recognized poor results obtained with CSF shunts. Claims of improved efficacy have been drawn from uncontrolled patient series, and these devices have come into widespread use after approval by the Food and Drug Administration. The cost of these new valves can be up to 10 times that of some valves of standard design. This is the first randomized trial to examine shunt valve design and is one of the few neurosurgical device trials. Based on this randomized trial, we cannot recommend one valve design over another for children with newly diagnosed hydrocephalus. Shunt valve design may still be a very important issue in reducing shunt obstruction, but clearly more research is needed into the complexities of CSF and brain fluid dynamics and biomechanics. Shunt infection also remains a persistent and unsolved problem. http://ovidsp.uk.ovid.com/sp-3.13.1a/ovidweb.cgi http://ovidsp.uk.ovid.com/sp-3.13.1a/ovidweb.cgi
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